Those surfaces can generally be characterized in design performance simulations as flat plate collectors having a wide range of orientations described by various combinations of azimuth and elevation angles.
Available solar radiation resource data for input to these simulations are limited to the historical measurements of global irradiance (direct solar beam plus diffuse sky irradiance components) on an unobstructed horizontal surface (SERI 1981a) . Therefore, algorithms are needed to convert these measured values to estimates of the irradiance available to plane surfaces of any orientation.
Several candidate conversion algorithms exist (Hay and McKay 1985) . Their accuracy for other than south-facing orientations and application for a variety of climates continues to be a topic of research.
The FY 1984 objectives for this task were
• To evaluate the capability of existing conversion algorithms to estimate irradiance on N-E-S-W vertical surfaces
• To initiate the measurement of irradiance on N-E-S-W vertical surfaces to support the evaluation and development of conversion algorithms.
Initial plans called for three approaches to the evaluation of existing conversion algorithms:
1. Intercompari son of the performance of the algori thms under various hypothetical atmospheric conditions.
2.
Comparison of actual measured data collected at universities participating in the Department of Energy's Solar Energy Meteorological Research Training Sites (DOE/SEMRTS) program (SERI 1981b (SERI , 1982 with estimated values from the algorithms.
3. Comparison of measured data collected at SERI' s Solar Radi a t ion Research Laboratory (SRRL) with estimated values from the algorithms.
The first approach was abandoned because of its limited usefulness to the variety of climates encountered in a general application of the alorithms.
Shortly after the task was undertaken it was determined that the second approach had already been used at the Atmospheric Sciences Research Center, State University of New York, Albany Stewart and Perez 1984) . Rather than duplicating their effort, we put greater effort into the collection of irradiance data at SRRL and the use of that data for the third approach given above. The five algorithms evaluated are listed in Table 2 -1, which also defines the general character of the diffuse sky and ground terms.
Direct Solar Beam Term
The direct solar beam term for each of the five algorithms 1S identical and 1S expressed by I8(B,$) = I cos 8 , where I = the intensity of the direct normal (beam) irradiance a = the incidence angle of the direct normal on the surface.
The direct normal is measured using a tracking pyrheliometer. The 5.7 0 field of view of most pyrheliometers encompasses the entire solar disk (0.5°) and most of the circumsolar region around the sun, which is produced by the forward scattering of radiation by the atmosphere.
Diffuse Sky Terms
The diffuse sky terms are different for each of the algorithms evaluated. The simple isotropic term used by Liu and Jordan (1960) is described first, then the anisotropic modifiers of the other models are discussed.
Isotropic
The diffuse sky term of the algorithm is often referred to simply as the isotropic algorithm and is expressed as (2-5) (2-6) M I is an anisotropic modifier to account for horizon brightening, and M 2 is an anisotropic modifier to account for the brightening around the solar disk {circumsolar radiation}. M 2 is a potential sOurce of error since the measurement of the direct normal beam (I) encompasses a large part of the circumso1ar radiation.
Note also that M 2 does not include any means to account for the increase in circumso1ar radiation with the onset of cloud cover, which eventually leads to an anisotropic sky under overcast conditions. It is for this reason that the Temps and Coulson algorithm is applicable to only clear conditions.
Under overcast skies there is horizon "darkening"--another reason why the Temps and Coulson algorithm is inappropriate for other than clear sky conditions. TR-2525
Klucher
A refinement of the diffuse sky term provided by Klucher (1978) adds a cloudiness function (F) to the Temps and Coulson algorithm; i.e., where
An examination of the cloudiness function reveals that under overcast skies
the Klucher diffuse sky term reduces to the isotropic term of Liu and Jordan, as was the intent.
Hay
The diffuse sky term described by Hay and Davies (1978) also provides for anisotropy by considering both circumsolar and isotropic terms. The diffuse sky term in the Hay algorithm is expressed as [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] where I = the direct normal (beam) irradiance from the sun
The first term inside the brackets represents circumso1ar radiation whose intensity is a function of atmospheric transmissivity (1/1 0 ) , the angle of incidence of the direct beam, and the solar zenith angle. The inverse relation with cos Z represents an increase in circumso1ar radiation with an increase in airmass (increasing solar zenith angle). The second term represents the isotropic radiation from the sky that increases with decreasing transmissivity; i.e., with increasing turbidity or cloud cover. Note that the Hay algorithm simplifies to the isotropic case for overcast conditions.
Perez
This algorithm, like the K1ucher and the Temps and Coulson algorithms, accounts for horizon brightening as well as circumso1ar radiation . This is accomplished by describing the sky dome as isotropic except for a circular region of variable size around the sun and a horizontal band of variable height at the horizon. The equation for the diffuse sky term of the Perez algorithm is TR-2525
where
the ratio of the radiance in the circumsolar region to isotropic sky radiance the ratio of the radiance in the horizon band to the isotropic sky the half angle width of the circumsolar region the angular width of the horizon band the altitude angle of the apex of the horizon band with respect to the tilted surface cos 6 [0
Xc = (~/2 + ex -6)/2 6 = angle of incidence of circumsolar radiation on a tilted surface
= ex Xh = (~/2 + ex -Z)/2 Z = angle of incidence of circumsolar radiation on a horizontal surface.
The terms F 1 and F 2 are empirically derived from measured data at the location of interest. They are a function of the solar zenith angles, ID(O) and 1(0), and are available in the form of 5 x 6 x 7 matrices. The empirlcal nature of these terms is a distinct limitation of data sets similar to those at the State University of New York at Albany.
Ground-Reflected Term
The approach for estimating the contribution of ground-reflected solar irradiance can be classified as either isotropic (uniform with respect to direction) or anisotropic (directional). The Klucher algorithm was developed from data collected from pyranometers shielded from this radiation component by artificial ground planes and therefore does not account for either case.
With the exception of the Temps and Coulson algorithm, which accounts for the azimuthal dependence of the ground-reflected components, the remaining algorithms assume isotropy for this term in Eq. 2-1.
TR-2525
Isotropic
The ground-reflected term for these algorithms is given by
where IT(O) = the measured global horizontal irradiance R C = the ground albedo.
(2-13)
This algorithm assumes the ground is a homogeneous Lambertian surface (perfect diffuser) surrounding the tilted surface.
Temps and Coulson
The Temps and Coulson term for ground-reflected radiation 1S given by
= the titled surface azimuth angle relative to the sun (~= 0 when the surface is pointed toward the sun).
The equation represents a ground surface exhibiting forward scattering, which increases with the solar zenith angle.
MEASUREMENTS AT SRRL
Pyranometers were installed at the Solar Radiation Research Laboratory (SRRL) using the radiometer tower designed for monitoring solar irradiance on vertical surfaces oriented in the four cardinal directions (Figure 3-1) . The instruments were positioned to measure the global irradiance on each of the four vertical surfaces as well as the diffuse sky and ground-reflected components for the north-and south-facing orientations. Global horizontal and ground-reflected i r r ad i ance on downward-facing horizontal surfaces complete the list of ten Eppley PSP pyranometers deployed for the experiment.
The arrangement of sensors, artificial horizons, and radiation baffles to accomplish the measurements is shown in Figure 3 -2.
In addition to the array of sensors set up for this task, SRRL routinely monitors global horizontal, d i rect normal, and diffuse horizontal irradiances. These data provide the inputs corresponding to each term in the conversion algorithm (Eq. 2-1). In addition to the irradiance values, ground albedo is calculated by ratioing the downward-looking horizontal data wi th the global horizontal data.
Sensor Calibrations
All of the Eppley PSPs used for this task were calibrated and intercompared by plac ing them on a large til t table wi th SERI t S working standard PSP and collecting simultaneous global data for horizontal, south-facing vertical, and north-facing vertical planes as shown in Figure 3-3 .
Note the presence of white "collars," which were installed around the instrument body below the sun shade. These units provide additional shielding of the instrument body, which serves as the reference cold junction for the thermopile sensor, from the direct radiation.
This reduces the presence of thermal gradients when the pyranometer is mounted in other than a horizontal position. The collars were used during all intercomparisons and final installation on the radiometer tower. Several days of I-min data were obtained and analyzed for each orientation. The calibration results are summarized in Table 3-1. From these data, the selection of PSPs for each position on the radiometer tower was made so as to minimize differences among sensors for which data comparisons would be critical.
A minimum of two days of measurements for each tilt table orientation (horizontal, vertical north-facing, and vertical southfacing) was analyzed. Instrument selection was based on the minimum relative variance of the I-min ratios of the output signal from the test pyranometer (millivolts) to the irradiance measured by the SERI reference pyranometer (watts per square meter).
The calibration factor for each instrument was determined from this ratio. The mean value (calibration factor) and standard deviation of this ratio were computed for three groups of data determined by the tilt table orientations. The relative variance of the calibration factor was computed for each instrument using the formula: Relative Variance = 100 x Standard Deviation/Mean.
The relative performance of the test pyranometers with respect to the reference unit is shown in Figure 3 factor depends on the particular instrument and its orientation. The ability of the instrument to view the direct (beam) radiation component appears to minimize the relative performance differences between all instruments and the SERI reference pyranometer. The reference pyranometer may itself undergo changes in sensitivity when instrument orientation, ambient air temperature, solar irradiance levels, or other factors change. These intercomparisons cannot ensure the absolute measurement accuracy of the pyranometers. The overall agreement of the calibrations is within the generally accepted tolerance of ±5% for these thermopile instruments (SERI 1982b) .
The selection of pyranometer orientation/location on the radiometer tower was based on the results shown in Figure 3 -4. For example, the three north-facing sensors were selected from those that compared best on a north-facing plane. The calibration factors for the east-and west-facing pyranometers were determined from the tilt table comparisons exhibiting the least relative variance TR-2525 from the reference instrument after select ing the north-and south-fac ing instruments. The cosine response of the east-and west-facing pyranometers is particularly important since the irradiance levels are generally high near solar noon when the sun is setting or rising (incidence angle = 90 0 ) on these instruments.
Data Collection and Processing
Plans called for the simultaneous collection of I-min data from all nine sensors in the test array, plus the three baseline monitors. However, this task was initiated during the transition period between the operation of an interim research laboratory and the establishment of a permanent facility at SRRL. SRRL has yet to become fully operational; and therefore, data collection has been limited to IS-min data from seven sensors at a time. In the near future, a much improved data acquisition capability will be in operation at SRRL. This will permit the collection of data from all sensors at the same time with any desired integration time.
The results in this report have been derived from the two data sets noted above.
Data Plots
Figures 3-5 and 3-6 are plots of typical data from data set No.1. Figure 3 -5 shows the symmetry of a very clear day on 10 August 1984. It is particularly interesting to note that in the absence of the direct beam because of surface orientation, the irradiance on all four surfaces is about the same. Furthermore, on this midsummer day, the daily total energy received on east, south, and west vertical surfaces is about the same (17.9, 13.5, and 17.5 MJ/m 2, respectively).
The irradiance received on a cloudy day, 6 August 1984, is shown in Figure 3-6 . Some direct beam irradiance was recorded between 0500 and 0800; but thereafter, the sun did not shine on the SRRL. Between 0800 and 1030, a low heavy overcast developed. This cloud cover thinned out between 1030 and 1330, but was more or less uniform across the sky dome. These recorded observations are confirmed by the variations in irradiance shown in Figure 3 -6.
Data for a clear day and partly cloudy day from the second data set are shown in Figures 3-7 and 3-8 , respectively. On the clear day, an interesting relationship is observed between the north-vertical diffuse sky irradiance and the north-vertical ground-reflected irradiance. In early morning and late afternoon the diffuse sky irradiance reaches a maximum and is greater than the ground-reflected irradiance.
By midmorning, the ground-reflected irradiance is about twice the diffuse sky. This is, of course, consistent with the gradual increase in the i rradiance on horizontal surfaces as shown on the figure. The region around the tower was a natural surface with grass, forbs, and some bare soil showing. At this time of year, the vegetation is mostly senescent. The measured albedo just two days earlier is shown in Figure 3-9 .
Figure 3-8 presents an even more interesting situation. Early in the morning a cold front moved through the area producing a dark layer of a I to-stratus clouds that moved from the northwest early in the morning until most of the sky was covered by 0830. These stratus clouds produced a sky irradiance that was approximately double the ground-reflected component, just the opposite of the relative levels observed on the previous clear day. At about 1230, this stratus condition began to break up, and at about 1315, we noted a crossover of the sky and ground components. The presence of alto-cumulus in the afternoon produced the jagged appearance of the direct normal and maintained the diffuse sky irradiance at about the same level as the ground-reflected term. 
EVALUATION OF THE ALGORITHMS
The conversion algorithms described in Section 2.0 have been evaluated in several ways. First, an intercomparison of the models under different atmospheric conditions reveals certain characteristics such as their regression to an isotropic form under overcast skies. The comparisons with measured data, which are reported here, include a brief summary of results reported by Perez and Stewart (1984) .
Comparisons with the two data sets available from the SRRL conclude this section.
Intercomparisons of the Algorithms
The results reported here excluded the ground term since some of the algorithms do not have such a term.
The numbers in Table 4 -1 are values of irradiance for individual days that were overcast, partly cloudy, or clear. Measured data were available for these atmospheric conditions for the direct normal, global horizontal, and diffuse sky components. This particular data set, used at the start of this task, did not include measurements on vertical surfaces.
Hence, the model s could be intercompared but not compared in absolute terms.
The results show up to 30% differences under clear skies in June and almost identical results under overcast skies any time of the year. This is a result of all the models regressing to the isotropic model under overcast conditions.
Summary of Work by Perez
The State University of New York at Albany (SUNYA) collected an accurate data base of solar radiation measurements from 1977 to 1981 under the DOE-funded Solar Energy Meteorological Research Training Sites (SEMRTS) program. The data included measurements on vertical surfaces with N-E-S-W azimuths and measurements on other tilted south-facing surfaces.
An artificial horizon shielded the sensors from the ground-reflected radiation.
Perez and Stewart used that data base to evaluate the isotropic (Liu and Jordan), Klucher, and Hay algorithms, as well as a new model they developed (4-1) and called the Perez model. In their analysis, they removed the direct beam component from the global measurements to permit evaluation of the diffuse sky component by itself.
A summary of the results of their evaluation is given in Table 4 -2.
It is apparent that the isotropic, Kluche r , and Hay algori t hms perform bet ter on south-facing surfaces than on east, west, or north surfaces. The Perez model does better on the E-W surfaces, but still seems to overestimate on a northvertical surface, although still exhibiting a lower RMS error. North-facing surfaces produce the largest relative errors for all the algorithms as might be expected for the lower irradiance levels associated with this orientation.
Evaluations Using Data Collected at SRRL
As described in Section 3.2, data set No.1 contains 41 days of data with global measurements on N-E-S-W vertical surfaces. Table 4 -3 gives average root mean square (RMSE) and mean bias errors (MBE) for the entire 41 days of data, where the measured values were compared with estimates from each algorithm. The measured data are IS-min integrals.
The percent mean bias error is defined by
where n is the sample size, Yi is the model generated value for time interval i, x . is the corresponding measured value, and x is the mean measured value for a given time frame.
The percent root mean square error 1.S given by
where the parameters are the same as those defined for Eq. 4-1.
(4-2)
One should note that the horizontal diffuse irradiances used as input to the models were calculated from global horizontal and direct normal beam values using where all the terms are defined in Section 2.0. These calculated diffuse values are generally thought to be more accurate than diffuse measurements us ing a pyranometer wi th a shadow band (Ryznar and Portman 1983; LeBaron, Peterson, and Oirmhirn 1980) .
The evaluations using measurements from data set No. 1 were based on the observed ground albedo values. The isotropic ground term computation method was added to the Klucher and Perez algorithms to complete the comparisons. The RMS errors given in Table 4 -3 are lowest for a south-facing surface, much higher on E-W surfaces, and very high on north surfaces. This can be attributed in part to the effect of generally lower levels of irradiance available on north-facing slopes on this relative error calculation (see Table 4 -4) . The mean bias errors show reasonable performance on E-S-W surfaces with the exception of Temps and Coulson, which has no cloud cover term.
The Perez algorithm was used with F I and F 2 values derived from data at SUNYA.
Considering that fact, it may be that the F terms are spatially and temporally conservative based on the results for the SRRL. TR-2525 Data from two days were taken from data set No.2 for a more detailed evaluation of all of the algorithms, except the isotropic, since these data included north sky and north ground separation.
Day 250, September 6, 1984, was generally clear although scattered clouds did develop in the afternoon. This is apparent from Figure 4-1(a) , which shows the direct normal beam, global horizontal, and diffuse horizontal (calculated from Eq , 4-]) components on that day.
The comparison in Figure 4 -1(b) between measured and estimated values of irradiance on a north-vertical surface is very revealing. During the morning, under clear skies, the measured values are about twice the estimated values. Since data set No. 2 did not contain observations of ground-reflected irradiance, the albedo input to the algorithms was adjusted each hour according to Figure 3 -9. In general, the model results are well behaved, with Klucher and Temps and Coulson being inseparable and giving the best performance.
In the afternoon, the scattered clouds produced very erratic results until late afternoon when the skies apparently cleared again. Scattered clouds are obviously not handled well by any of the algorithms. and west vertical surface by 14.6%.
SUMMARY AND CONCLUSIONS
Five algorithms for converting global horizontal and direct normal solar irradiance to global irradiance on tilted surfaces were evaluated using measurements from monitoring equipment newly installed at the Solar Radiation Research Laboratory. High resolution (15-min) measurements from eight thermopile radiometers oriented vertically in the four cardinal directions were available for a 169-day period ending 31 December 1984. Concurrent measurements of global horizontal and direct normal were also available for the analyses. The pyranometers used in the experiment were intercompared on horizontal, north-facing, and south-facing vertical orientations before their deployment.
The conversion algorithms each attempt to account for very complex atmospheric interactions with incoming solar radiation. The sky and ground radiance contributions to tilted surface irradiance are assumed to be isotropic (independent of direction), anisotropic (direction dependent), or a combination of the two regimes depending on the algorithm.
Results from the analysis of measurements for the period 22 July through 4 September indicate the following algorithm performances:
• Isotropic (Liu & Jordan)--Within measurement accuracy (±5%) for east, south, and west vertical surfaces.
Overpredicts irradiances of north-facing surface by 18.)%.
• Temps & Coulson--Overpredicts irradiance for all orientations from 9.5% to 46.5%.
• Klucher--Overpredicts irradiance for all orientations from 2.1% to 29.2%.
• Hay--Within measurement accuracy for east, south, surfaces. Overpredicts irradiance of north-facing Demonstrated least overall mean bias errors.
• Perez--Within measurement accuracy for east orientation. Overpredicts 1rra-diance of south (6.7%), west (10.6%), and north (18.0%) orientations.
The performance of all the algorithms was poorest for the north-facing vertical surfaces. The irradiance levels measured on this orientation were between two and three times less than that observed for the others on an average daily total basis. This would help explain the larger relative errors, but this orientation also places the greatest demands upon the models to account for the anisotropic distribution to diffuse sky and ground irradiances.
Because of the limited data available at this time, these results must be considered preliminary and inconclusive. Nevertheless, a fairly clear picture is emerging that indicates significant deficiencies in the diffuse sky component of all of the models. Future research should emphasize the collection of data similar to that being obtained at SRRL, which will lead to greater understanding of atmospheric processes and diffuse sky i r r ad i ance , A very desirable addition at SRRL would be the installation of an all-sky camera to photograph the sky every 15 minutes. This would improve our understanding of the data and would likely suggest modifications of the conversion algorithms.
